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InrropUCTION

Radio astronomy has always been dominated by instrumental problems,
especially the need for better angular resolution and sensitivity., While ter-
restrial optical telescopes are limited in angular regolution by atmospheric
inhomogeneity, single-reflector radio telescopes have not yet met this limit
and, instead, are limited in both sensitivity and resolution by the enormous
costs and formidable engineering difficulties involved. in constructing very
large reflector antennas. The best angular resolution now available from
single-reflector radio telescopes in the range of wavelengths above 5 mm is

about 1 min of arc. Few instruments with this performance have been built,
and they-operate at wavelengths ~1 cm. Better performance is clearly
needed, and at longer wavelengths where most of the phenomena of radio
astronomy are more easily detectable. '

Increased sensitivity can be achieved through longer observing times,
However it is not useful to increase sengitivity beyond the point at which
more than one source is likely to be within the antenna beam. In many radio
astronomical observations this “confusion” effect, rather than the noise in
the telescope or its environment, establishes the lower bound for the ob-
servable source strength. Thus angular resolutmn ‘must be 1mpr0ved if
fainter sources are to be studied.

Recognizing that the large - pencil-beam reﬁector antenna. could not
provide the resolution needed for mapping the structure of extended sources
or for accurate position measurements on small sources, radio observers
made early use of the interferometer (McCready, Pawsey & Payne-Scott
1947). Recognition that an interferometer observing an incoherent source
actually measures a term of the Fourier series representing the brightness
distribution of the source led to the synthetic antenna con51st111g of a number
of independent interferometers (Stanier 1950).

Impetus to use the interferometer ‘¢ame from the invention of the cor-

relator detector, originally realized in the *plase-switching” 1nterferometer
{Ryle 1952), an instrument of great stability and sensitivity.

To obtain higher resolution, radio astrenomers have also utilized arrays

of antennas, especially at the longer waveiengths. Even with large arrays,

however, the costs of achieving resolution comparable with that of even a

modest-sized optical telescope are enormous, particularly if pencil-beam

patterns are needed. The largest arrays in existence {Mills, Aitcheson, Little

& McAdam 1963) produce fan- shaped beams w1th beamwxdths in'the nattrow
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To produce pencil beams of this size at reasonable cost, one can arrange
two long arrays in the form of a cross and with the aid of a correlator mul-
tiply the two fan-beams thus produced. The Mills Cross and its relatives,
while not aperture-synthesls instruments in the strictest sense of the word,
are clogely related to the latter both in principle and in application.

Tae THEORY OF APERTURE SYNTHESIS

An interferometer system can be expressed schematically in a fairly
general way as in Figure 1. Two antennas, each with its amplifying system,
are connected to a correlator (or multiplier), which includes an averaging or
- integrating circuit with a specified time constant that is much longer than
the reciprocal of the frequency bandwidth of the system, so that many vol-
tage impulses are averaged in a simple observation,

The interferometer is assumed to observe an extended source of inco-
herent and statistically stationary radiation. The antennas are pointed in
the same direction. For these conditions the output of the correlator is (Swen-
son & Mathur 1968)

r@) = [ [ DA 0 AF0EE — 50CrE — & ey 1.

in. which

#(1) is the output of the correlator

1" is the line-integrated brightness distribution of an isolated, finite source

A is the frequency response of the amplifier

G is the antenna voltage gain

» is the frequency {Hertz)

T =Ty—Ty is the difference in transit time from a plane wavefront in space
to the correlator via the two possible paths

F1G. 1. Basic correlator interferometer system.
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Ty is the geometrical component of ¥
T, is the instrumental component of 7
£=sin @

This formula is quite general. In the special case of two identical antennas
with identical, band-limited amplifiers it reduces to '

© pytdpte -
= 3 ! v ) |2eflmre .
o= [ a7 at@nie - ealle b 2

The time delay 7 is the difference between the geometrical delay 7, and the
instrumental delay, 1. The instrumental delay is adjusted to the value D& /¢,
s0 that '

=D —t)/e

where D is the separation of the antennas in meters and ¢ is the velocity of
the wave in space. If the amplifier passhand Av is sufficiently small, so that
the antenna pattern and the brightness distribution do not vary significantly
over the band, Equation 2 can be written

b, D) = [T mBe, a0 3.

where £q is the direction in which the antennas are aimed and £ is the direc-
tion for which 7 =0. The function P{&, §', &) is the product of the antenna
power pattern IG(EO—S’ , 7o) | % the bandwidth pattern (or delay pattern)

B~ ¢,a00) = [

—Ar!

Dyiz -
| A () |2eizmeremDiegy 4.
2 -

and the interference pattern
F(Ey, £D) = ¢t £)Dvale 5.

The bandwidth pattern has a peak in the direction &. When the source and
the antenna beamwidth are of small angular extent, the integrand in Equa-
tion 4 is nonzero over only a small range of # centered at ). The instrumental
delay can be adjusted to the value D&y/c so the delay pattern also has a
peak at £. Now let @’ be defined as #,—#; then # is small and

¥ 2ginfy — cosfhsing = £ — £cosby

Define # as D /hq cos 8y or D/c cos 8y vy. This'is the spatial frequency and is the
component of the baseline (in wavelengths) in the direction normal to 6.
Equation 3 can be rewritten

I‘{M) = f mf‘(é‘: VU)P(Es U, Av)ds 6.

Now let us examine the form Equation 6 assumes when the bandwidth is
narrow enough so that for all baselines the bandwidth pattern is much wider
than the antenna pattern, and when the source being observed is, in turn,
small compared with the antenna pattern. In this case
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) = [P e tedg = 7, 1.

This will be called the “fringe function.’”” It is the Fourier transform of the
brightness distribution, and it is apparent, therefore, that the interferometer
can be used to make a Fourier analysis of the source structure. This is the
basis of aperture synthesis. It is seen from Equation 7 and the definition of #
that the spatial frequency measured with a given baseline is the baseline
length, in wavelengths, projected on a plane tangent to the celestial sphere
at the location of the source. By using a sufficient number of different base-
lines, enough Fourier components can be measured to permit the recon-
struction of the source by Fourier transformation.

1t has been assumed that the source is finite, in fact, that it is small com-
pared with the anterina beam. It bas been shown by Bracewell (1958) that
a source of extent Af can be completely represented by sampling its spatial-
frequency spectrum at intervals of uw=1/A¢, This follows from the basic
properties of the Fourier series representation of a function with a finite base.
Furthermore, if the smallest detail to be measured is A£,, the highest spatial
frequency that must be sampled is U, =1/Af,. Thus, the number of base-
lines needed to perform a complete, one-dimensional analysis on a source is
equal to the width of the source divided by the width of the finest detail
that is to be resolved. A two-dimensional analysis requires a number of base-
lines equal to the square of the number for one dimension.

A Fourler series with discrete, uniform spacing of the terms in the fre-
quency domain is a periodic function of the spatial coordinate. If a one-
dimensional antenna is synthesized by means of a series of interferometers
whose bagelines increase successively in length by a uniform interval, the
response to a point source is a comb-shaped series of evenly spaced spikes in
the £ dimension. In an actual observation, an isolated, single source can be
mapped accurately by this means. If there are other sources present, how-
ever, the map of the source under investigation may be seriously distorted

by their interactions with the higher-order responses, which are usually .

termed “grating lobes.” The spacing of the responses in the ¢ domain is in-
versely proportional to the increment of the baseline spacing in the 1 domain;
therefore, it is important to plan the observing program according to the
nature of the source under investigation, In a two-dimensional synthesis
operation, there will be a two-dimensional array of gratmg lobes, of which
examples will be seen,

In the Fourier-series method of aperture synthesus, it is necessary to
measure each component of the series only once. If several antennas are
available, together with the necessary electronics to permit simultaneous
operation of several baselines, the most economical arrangement of the
antennas is one which provides the largest number of the necessary base-
lines with the minimum number of duplications. It is possible to arrange
four antennas on a straight line in such a way that there are no redundant
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baselines; but for larger numbers of elements and for two-dimensional arrays
redundancies are inevitable. Several authors (Leech 1956, Bracewell 1966,
Moffett 1968) have designed linear, minimum-redundancy correlator arrays
with several elements, A linear array discussed by Moffett (1968), for
example, has the following configuration; -8:10.1.3-2.7-8., where the dots
represent the antennas and the numbers represent the number of unit spac-
ing between adjacent elements. All spacings between 1 and 24 exist, plus ad-
ditional spacings of 31 and 39 units. There are singlefold redundancies at
8 and 31 units. This is a minimally redundant, completely filled array for
the resolution corresponding to 2 maximum baseline of 24 units.
Discussion of the design of synthetic-aperture telescopes is assisted by
the flow chart of Figure 2 (Swenson & Mathur 1968), in which the various
relationships and transformations among antenna quantities are illustrated.
This flow chart applies to the case of incoherent sources or, more generally,
to antenna systems linear in power. The right-hand column of the chart
represents the more conventional view of antenna theory, in which the
brightness distribution of the sky is convolved with the power radiation
pattern to obtain the output of the radio telescope. The left-hand column

rhaneERy [
APERTURE > VOLTAGE -
ILLUMINATION —,-e RADIATION
: , _ PATTERN
. - MULTIPLY BY
AUTOCORRELATION COMPLEX CONJUGATE
. FOURIER - ]
TRANSFER TRANSFORM, POWER
FUNCTION o ——— RADIATION
(u-v PLANE) PATTERN
FOURIER
ity
- LUTION
FOURIER
TRANSFORM :
BRIGHTNESS e BRIGHTNESS
SPECTRUM _~ DISTRIBUTION

F1c. 2. Relationships among antenna quantities for an incoherent field.
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represents an alternative view of antenna theory, more directly applicable
to aperture synthesis. The aperture illumination is the distribution of the
electric field in the plane of the antenna. In a synthesis array consisting of a
number of small antennas, for example, the illumination function would con-
sist of a number of discrete points in the aperture plane. The autocorrela-
tion function of the illumination is called the transfer function, The Fourier
transform of the brightness distribution (in spatial coordinates) is the bright-
ness spectrum (in spatial-frequency terms), and the product of the bright-
ness spectrum and the transfer function is the output in terms of spatial
frequencies; that is, the observed brightness spectrum, whose Fourier trans-
form is the conventional radio telescope output. Clearly, only those spatial-
frequency components are present in the output which are also presentin the
transfer function; thus, the performance of the synthetic telescope can be
investigated by examinating its transfer function. The transfer function has
the same configuration as the diagram of the antennas in the # dimension, or
in the %-v planein the case of a two-dimensional array.

A simple and very useful graphical method for determining what spatial
frequencies are represented in the transfer function of a given correlator
array has been described by Bracewell (1961},

In synthesizing a map of a source, the observer may assign any desired
weight to each measured spatial-frequency component in order to control the
synthesized beam shape and the sidelobes. In this connection, one should
distinguish between the sidelobes of the synthetic aperture and the grating
lobes caused by the periodicity of the Fourier series. The sidelobes are the
usual higher-order diffraction responses of an optical aperture or an aperture
antenna; however, in the synthetic-aperture system they are under direct
control of the observer, Controlling the weighting of the spatial-frequency
components Is somewhat analogous to vignetting an optical system or taper-
ing the illumination of an antenna, except .that in aperture synthesis the
weighting can be done afier the observations are made, permitting repeated
experimenting with weighting functions without the necessity for reobserv-
ing.

In general, the sidelobe levels and main-heamwidth are inversely related.
Figure 3 shows this relationship for a number of possible weightings of the
transfer function. The beamwidth is measured between the first nulls. In
general, higher-order sidelobes are successively smaller.

EARLY APPLICATIONS OF APERTURE SYNTHESIS

The first major application of aperture syntheis was made by the Mul-
lard Radio Astronomy Observatory at Cambridge University (Blythe 1957,
Ryle & Hewish 1960). A large, pencil-beam interferometer was synthesized
at a wavelength of 1.7 m (P. F. Scott et al. 1961), as illustrated in Figure 4.
The synthetic interferometer comprised an east-west array and a north-
south array, whose centers are separated by a distance considerably greater
than the length of either element. It is, in effect, a Mills Cross whose arms
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F1G. 3. Relationship among beamwidth, sidelobe level,
and transfer-function weighting.

are displaced from one another so that the pencil-beam response is multiplied
by a sinusoidal interference pattern whose period is shorter than the beam-
width. In practice, the east-west arm is a long parabolic cylinder, tiltable
about an east-west axis to adjust its declination pointing. The north-south
arm, however, uses a short segment of parabolic cylinder mounted on rails,
so that it can assume successive positions along the north-south arm. Ob-
servations are made with the short segment in the first position, and the
output of the correlator is stored on a computer tape. Then the short seg-
ment is moved to another position and the observations repeated, and the
process is continued until the desired right-ascension range has been ob-
served with all positions of the short segment.

F1c. 4. Synthetic interferometer of the University of Cambridge.
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Following the completion of a series of observations, the data are added
in phasor form to obtain the synthesized result. For any given right ascen-
sion, the resulf is a map of a north-south strip of sky ene-half of a degree
wide in right ascension and about 5° widé in declination (the beamwidth of
the synthetic arm), and weighted by the synthetic beam pattern. This
weighting can be removed after the synthesis is complete.

The instrument described above was used to produce the well- known 4C
survey (Gower et al. 1967, Pilkington & Scott 1965)- -

Two other synthesis instruments have been built at Cambridge. One
operates at 38 MHz (Costain & Smith 1960) and produces a synthetic
pencil beam 1° in diameter. It has been used for mapping the Galaxy and
for investigating a number of galactic objects (Kenderdine 1963). Another
operatés at 178 MHz and uses the east-west arm of the synthetic inter-
ferometer, together with a smaller element borne on a rail track which joins
the east-west arm approximately at right angles (Crowther & Clarke 1966).
It provides a synthesized beam at the zenith which is 24 min of arc in right
ascension and 19 min in declination.

In the operation of a synthesis instrument of this type, in which only one
dimension is synthesized, the time needed to map a given area is propor-
tional to the number of positions of the movable element. No part of the
map contained within the primary beam pattern of the movable element can
be constructed until observations have been completed for all positions of
the element. If both arms of the cross were to be physically constructed,
each single observation would be complete in itself and the map could, in
theory at least, be constructed as the observations proceeded. However, the
total time needed to map an area of sky as large as, or larger than, that sub-
tended by the beam of the movable antenna. is the same in both cases.

. There is no reason why two or more movable elements cannot be used
simultaneously, provided the duplicate electronic systems are available.
This speeds up the observing in proportion to the number of elements. In the
limit in which all elements are present, each with its own amplifiers, correla-
tor, and recorder, the entire declination range within the beamwidth of one
of the small antenna elements can be mapped simultaneously. This requires
as much antenna structure as would a conventional antenna array whose
beamwidth equals the synthesized beamwidth, plus # times as much elec-
tronics, where # is the ratio of the single-element beamwidth to the syn-
thesized beamwidth. The benefit from the additional investment in elec-
tronics is that the mapping proceeds # times faster. _

A disadvantage of the conventional array, in which the contributions of
the individual antennas are added before being detected, is that most of the
information received by the antennas is rejected by the system. One way to
utilize more of the available information is the simultaneous synthesis pro-
cedure described above; another is the provision of a number of separate
beam-forming networks within the array (Mills et al. 1963, Wild 1967). The
two methods are essentially equivalent with respect to available performance
and required amounts of electronic equipment, but the synthesis method
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does have the advantage that a number of different aperture llumination
functions can be used on the same data without reobserving, and the dis-
advantage that electronic computing facilities are required.

The effective collecting area of a synthetic-aperture telescope may be
derived from the fact that the noise components of the separate baselines
are independent. This is true even though the observations on different
baselines may be made simultaneously and may share a common antenna,
When the outputs of the correlators are added, the source-contributed com-
ponents add numerically while the noise components add as the square root
of the sum of the squares. The effective area therefore varies as the square
root of the number of baselines in the synthetic array. From Equation 1 it is
seen that the effective area of a baseline is the product of the effective areas
of the individual antennas; from this the effective area of the synthetic array
is readily calculated for any given case.

SUPERSYNTHESIS

The Cambridge aperture-synthesis telescopes are meridian-transit in-
struments, suitable for mapping large areas of the sky in a systematic way.
Such instruments are less suitable for mapping selected sources or areas in
great detail. For one thing, very high resolution requires very large synthetic
instruments, and it is necessary to reduce the observing time or the size of
the antenna structure, or both, if even synthetic-aperture systems are to be
practicable for resolutions of the order of a second of arc. For another, it is
demonstrably impertant to be able to map selected sources in such detail
without suffering the lengthy periods of observing that would be necessary
with a transit telescope. Fortunately, another synthesis technique, again
piloneered by the Cambridge group (Ryle 1962, Elsmore et al. 1966), is
available which makes use of the rotation of the Earth in a different Way to
accomplish aperture synthesis,

Supersynthesis, or Earth-rotation synthesis, makes use of the fact that
the projection of a baseline on a particular part of the celestial sphere is
rotated and foreshortened as the Earth turns with respect to the sky. During
a day, therefore, a single terrestrial baseline assumes many different values
of spatial frequency with respect to a given source. By tracking a source for
a substantial part of a day with the antennas comprising a terrestrial base-
line, a substantial reduction can be effected in the number of antennas, or
the number of moves of a set of antennas, necessary to accomplish the syn-
thesis of a given aperture,

Figure 5 shows the geometry of an interferometer. The baseline intersects
the celestial sphere at B, which has the declination ¢ and the local hour angle
k. The source is at point .S, with coordinates § and H. The projection of the
baseline on the intersection of the plane SOB and a plane tangent to the
celestial sphere at S is D cos§. Resolving this into components in the declina-
tion and hour-angle directions gives

% = Dcosdsin{(H - k)
2 = Dlsind cos 5 — cosd siné cos (b — H)]
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F1G. 5. The geometry of an interferometer.

These are the parametric equations of an ellipse, the locus of a vector in the
#-v plane which represents the values of spatial frequency for the given
baseline. It is instructive to examine some limiting special cases. Assuming
that the baseline is east-west and horizontal, observing & source at the
celestial pole the u-v plane locus is a circle of radius D, the baseline length
in wavelengths. For a source on the equator the locus is a straight line of
length 2D, )

The #-v plane locus of a single baseline is the transfer function (Figure 2)
of the interferometer. If several baselines are available, either simultaneously
or sequentially, the transfer function is the superposition of all their loci.

The first instrument to use this technique was the 178 MHz interferom-
eter of the University of Cambridge (Ryle & Neville 1962) described above.
Portions of the east-west arm of the instriiment were used in combination
with the movable element and a small additional antenna to provide a
total of 75 contiguous spacings along an east-west line 600 wavelengths long. _
As the elemernits of the interferometer can be directed only along the meridian,
only the region within 4° of the north pole could be mapped. An angular
resolution of 4.5 was obtained with this baseline. Subsequently, a similar
map was made of the north polar region at 81.5 MHz with a different in-
strument (Branson 1967) with a maximum baseline of 250 wavelengths. This
survey extends 40° from the pole and has an angular resolution of 107,

Following demonstration of the feasibility of the Earth-rotation synthesis
technique, the Cambridge group built a more versatile instrument, capable
of mapping individual sources at shorter wavelengths. The One-Mile Radio
Telescope (Ryle 1962, Elsmore et al. 1966) consists of three mechanically
steerable paraboloids, each 18 m in diameter, along an east-west baseline.
Two of the telescopes are fixed at the ends of a 750-m baseline, and the third
is movable on rails to extend the baseline to a total of 1550 m, The telescopes
are of the Blaw-Knox Co.-Howard Tatel equatorial desigr, probably usable
te 3 or 5 cm wavelength. It has been used at frequencies of 408 and 1407
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MHz where it can achieve circular beamwidths (at the pole) of 1’.3 and 0.4
respectively. The beamwidth in declination varies as the cosecant of the
declination of the source, in accordance with Equation 9. The instrument
has been used for the survey of sample regions of the sky, in order to extend
the statistics of source intensities to very weak sources (Pooley & Kender-

- dine 1968}, and the mapping of selected objects (Ryle, Elsmore & Neville
1965a, b; Macdonald, Kenderdine & Neville, 1968). Figure 6 is an example
of the kind of map that can be made with the One-Mile Telescope at 1407
MHz.

TEcENICAL PROBLEMS OF APERTURE SYNTHESIS

The aperture-synthesis technique has been well demonstrated by the
Cambridge workers, and the method will undoubtedly form the basis for
extensive future work in high-resolution radic astronomy. The best resolu-
tion achieved to date in complete synthesis work has been about 0°.4, but
the method is undoubtedly workable for resolution at least an order of
magnitude better. In the extension of the technique to second-of-arc resolu-
tion, however, some difficult technical prohlems will be encountered, with
respect both to electronics and to the inhomogeneous atmosphere of the
Earth.

The electronic system.—TFigure 7 is a simplified block diagram of a single
interferometer. Of the equipment shown schematically, the preamplifier,
mixer, defay lines, and 4-f amplifier must be provided for each antenna. One
central local oscillator sends its signal to all mixers in the array and one delay
computer controls all the delay lines. A correlator and a recording channel
must be provided for each simultaneously operating baseline. The largest
possible number of simultaneous basclines is N(N—1)/2 where N is the
number of antennas. Thus, the number of correlators and recorder channels
varies approximately as V%, while the other electronics vary directly as .

The preamplifier must be mounted as close as possible to the focal point
of its antenna, t0 minimize transmission-line losses, and it must have the
lowest possible noise temperature if the best obtainable sensitivity is to be
achieved. Current practice is to use solid-state parametric amplifiers, with
which system noise temperatures in the range 50° to 100° K can be obtained.
It is necessary that the preamplifier ndét introduce variable phase shifts
large enough to affect the accuracy of the measurement. As the variable
phase shift in the entire system should be restricted to, say, 10°, each com-
ponent must contribute considerably less than that. Solid-state paramps
appear to meet this requirement without difficulty. Similarly, the heterodyne
mixers are of conventional type.

The local oscillator system, however, is a critical component of the
aperture-synthesis system, The mixer multiplies the radio frequency signal
of finite bandwidth by the sinusoidal local-oscillator signal. The result is
that the signal band is translated both upward and downward in frequency;
normally the lower-frequency band is selected for amplification in the in-
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Fic. 6. Map of 3C465 made with the Cambridge Ore-Mile Radio Telescope {Macdonald, Kenderdine & Neville 1968).
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¥F1G. 7. Simplified block—diagrarh of a correlator interferometer.

termediate-frequency amplifier. The information content of the signal band
is faithfully preserved in the frequency conversion process, provided the
local-oscillator signal is truly monochromatic; but the pliase of the inter-
mediate-frequency signal depends upon the phase of the local-oscillator
signal. In order that the {-f signals reaching the correlator have the same
mutual phase relationships as they do in the radio frequency bands, the
local-oscillator signals injected into both mixers miust be of exactly thie same
~ frequency and phase. A constant phase difference can be compensated for in

the postcorrelation processing, but no time variation of the relative local-
oscillator phase can be tolerated. - -

- The distance between antennas can be large, ~10 km for second-of-arc
resolution at decimeter wavelengths. Preservation of phase relationships
over these distances is difficult, whatever transmission medium is employed.
If the local-oscillator signal is radiated through space from a central loca-
tion to the antennas, the variable refractivity of the atmosphere and reflec-
tions from moving objects (including the telescopes) may cause intolerable
phase variations.. A more reliable method is to transmit the signal through
coaxial cables, though even here it is necessary to take special precautions.
To combat losses in the cable, the reference signal is generally transmitted
at a low frequency and the desired local-oscillator signal is produced by a
frequency multiplier at the ‘antenna. A low-loss cable generally employs a
gas dielectric,: whose. phase velocity’ may vary with ambient atmospheric
conditions. Burying the cable 1 or 2 m. in:the ground restricts the tempera-
ture variations to-a very slow rate, The gas in the cable should be kept dry
and uvnder a constant absolute pressure. By these means it is possible to
achieve adequate phase stability for aperture synthesis at, say, 10" resolu-
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nature of the observational technique suggests that greater versatility is
desirable. If too few antennas are available to yield the necessary set of
spatial-frequency components with one array configuration, it is, of course,
essential that the antennas be movable so that the necessary complementary
configurations can be set up.

The angular resolution obtainable with conventional optical telescopes
is limited by the inhomogeneous refractivity of the Earth’s atmosphere to

- about 0'S, While the lower limit of detectable optical flux density can he

decreased by increasing the exposure time, no improvement occurs in the
angular resolution, as all contributions to the image are positive in sense.
The output of the correlator interferometer is either positive or negative,
depending upon the phase difference between the waves arriving at the two
antennas; random perturbations in cutput caused by varying atmospheric
refractivity can be reduced by averaging a number of observations, provided
the individual fluctuations in relative phase are less than 90°, It is apparent,
then, that by making repeated observations with all necessary baselines, an
aperture can be synthesized with any desired resolution, provided that the
variations in refractivity are not too extreme.

Little is known concerning the random component of the refractivity of
the atmosphere. Successiul results of the Cambridge One-Mile Radio Tele-
scope and of the three-element interferometer of the National Radio
Astronomy Observatory in West Virginia (1967) demonstrate that the
atmosphere is stable enough to permit synthesis observations at resolutions
of 24" and 8", respectively,

The refractivity of the atmosphere at decimeter wavelengths depends
mainly on its water content. It is to be expected, then, that the phase fluc-
tuations should also depend on the water content, and the experiences with
the NRAQ instrument tend to confirm this, The most appropriate site for a

decimeter synthesis instrument of high resolution is, therefore, one in which.

the atmospheric water-vapor content is low and the air relatively stable and
free of weather fronts, _

While the water-vapor structure of the troposphere determines the per-
formance of an interferometer in the decimeter-wavelength range, the per-
formance in the dekameter-wavelength range would undoubtedly be de-
termined by ionospheric structure. Apparently no systematic study has
been made to determine the atmospheric limitations on long-baseline opera-
tion at these wavelengths, and it cannot be predicted at present what the
limits of achievable resolution arein either the dekameter range or the meter-
wavelength range in which both ionospheric and tropospheric effects are
probably important,

TeE DESIGN OF SUPERSYNTHESIS ARRAYS

The instruments presently in operation which are capable of supersyn-
thesis are linear arrays of two or three antennas, one or two of which can be
moved along the line of the array to achieve a number of baseline lengths,
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Particularly in the case of the east-west array, the design problem is fairly
simple. The desired angular resolution is first specified, which establishes
the maximum baseline length. Then the desired “‘field of view'’ (distance
between grating lobes) is specified, which establishes the shortest baseline
needed. The ratio of the longest to the shortest baseline length is the number
of baselines needed. In general, as discussed earlier, there will be unavoidable
redundancies in certain baseline lengths, though arrays with minimal re-
dundancies can be designed. For a source at the celestial pole the transfer
function is a set of concentric circles, one circle for each different baseline.
For sources of different declinations the loci are coaxial and are symmetrical
with respect to the % and v axes. The minor axes of the ellipses vary as the
sine of the declination, so that the loci are straight lines along the # axis. The

_ east-west array is therefore incapable of pencil-beam synthesis on equatorial
sources, and has severely degraded performance at low declinations.

If the axis of the linear array has an azimuth other than 90°, the %-» plane
loci for a source at the equator are a set of straight lines parallel with the «
axis. In general, the linear array is not satisfactory for equatorial sources and
its use for pencil-beam synthesis is restricted to sources above, say, 30°
declination, :

Analysis of the transfer functions of supersynthesis arrays with arbitrary
baseline azimuths is very time consuming, particularly if the antennas have
hour-angle limits that vary with declination, or if the view of the sky is

" limited by an irregular horizon. If the array is two-dimensional, computer
programs have been used (NRAQO 1967, Mathur 1969) for extensive in-
vestigations of array configurations. Figure 8a is the transfer function of the
three-element interferometer at the National Radic Astronomy Observatory
(Mathur 1969) observing a source at the north pole. The baseline lies on an
azimuth of 63°. Sixteen collinear haselines are available, three at a time,
with lengths ranging from 900 to 25 000 wavelengths. The elliptical appear-
ance of the diurnal loci is caused by the computer printer format; the loci
are actually circular. Only one half of the #-» plane is represented. As a base-
line has a direction but no positive or negative sense, the transfer function is
symmetrical through the origin. In the figure the numbers represent sampled
points in the #-¢ plane while the dots represent unsampled points. As is
seen in Figure 2, the power-reception pattern is the Fourier transform of
- the transfer function. This is computed by the “fast Fourier transform’
algorithm {Cooley & Tukey 1965) and plotted as Figure 8b. The power re-
ceived by the array from a point source is plotted as a vertical deflection of
a lin€ at a point whose horizontal coordinate is the hour angle of the source
and whose vertical coordinate is the declination. The circular “ripples” in
the pattern are the grating lobes caused by the coarse spacing of the diurnal
loci in the transfer function. The declination interval between successive
graphs of the power level is 477, This particular beam pattern was derived
by applying a Gaussian taper to the transfer function, decreasing at the edge
of the transfer function to — 15 db of its value at the center. A beam pattern
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Another supersynthesis instrument is under construction at Westerbork,
The Netherlands (Casse 1968). It consists of twelve 25-m, equatorially
mounted paraboloids on an east-west baseline. Ten of the antennas are fixed

~ to the ground at intervals of 144 m, and the other two can move along a

railway 300 m long at one end of the fixed array. Observations can be made
with the movable antennas at arbitrary points along the track, so that any
desired field-of-view can be obtained. The antennas are designed to track a
source for 12 hr (£ 6% from the meridian) per day, and can observe at any
declination accessible from the site. Correlators are to be provided for each
combination of one fixed and one movable antenna. It is intended to observe
at two polarizations simultaneously. Furthermore, observations will be made
simultaneously on two orthogonal polarizations for each antenna, and cor-
refators will be provided for all cross-polarized as well as all co-polarized
combinations, so that a total of 160 correlators is needed. Five 12-hr periods
are needed to map a source with a half-power beam of 22¥ X (22" cosec 8, at
a wavelength of 21 ¢m, using the maximum available haseline of 1620 m. [t
is anticipated that the minimum detectable flux density will be 2 X 10—
Wmr* Hz™2, Observations with this instrument will commence in 1969.

The University of Sydney is in the process of converting its grating-cross
telescope at Fleurs, New South Wales from the Mills Cross mode of operation
to the supersynthesis mode (Christiansen & Wellington 1966). The instru-
ment comprises two linear arrays, one north-south and one east-west, each
including 32 equatorial paraboloids 7.5 m in diameter spaced uniformly. by
12.2 m and two 13.7 m paraboloids spaced 18.3 m and 410 m from the ends
of the array, respectively. Each large antenna is correlated with each of the
small antennas, so that 64 correlators are required for each array of the cross.
Either arm of the cross could be used for pencil-beam synthesis of sources in
polar regions, but in order to make equivalent observations of equatorial
sources, individual antennas would have to be correlated between the two
arms. This is the only correlator array known to be under construction with
which pencil-beam observations on low-declination sources could be made.

At Stanford University a linear, correlator-array telescope is under con-

“struction {Bracewell 1966) having five 18-m equatorial paraboloids designed

to operate at a wavelength of 2.8 cm. The antennas are fixed to the ground
in a minimum-redundancy configuration with a unit spacing of 22.9 m,
giving a field of view of 4.2, and an overall length of 205.7 m, giving a min-
imum beamwidth of 17”. This array is to operate at a shorter wavelength
than any other known to be in the planning stage.

Coxcrusion

The correlator array operating in the supersynthesis mode appears to
offer the best prospect for achieving high resolution and high sensitivity at
radio wavelengths. It appears that the Earth's atmospheric properties will
permit operation at resolutions of 1” or better; in fact, the ability to reob-
serve individual Fourier components of a source and to improve these data
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by averaging repeated observations suggests that the atmosphere may not
provide the ultimate limit on resolution in radio astronomy as it does at
present in optical astronomy.

Although aperture synthesis is still a new technique, with active obser-
vational programs at only one or two observatories, the technique has been
well investigated and the feasibility of substantial improvements in sen-
sitivity and resolution has been demonstrated. Within the next two or three
years, several new supersynthesis instruments are expected to come into
operation, so that at least the strong sources at declinations above +30°
should soon be mapped to resolutions of 10” or 20" at several wavelengths.

ACKNOWLEDGMENT

The author expresses his appreciation for their assistance to Drs. N. C,
Mathur and G. H. Macdonald, to Professors W. N. Christiansen and Sir
Martin Ryle, and to Ir. J. L. Casse.




374

Blythe, J. H. 1957, MNRAS, 117, 644-51
Bracewell, R. N. 1958, Proc. Iust. Radio
FEngrs., 46, 97-105 ;
Bracewell, R. N. 1961, Trauns. Insi. Radio
Engrs., AP-9, 59-67 k
Bracewell, R, N. 1966, Progress in Scientific
" Radio, XV General Assembly of
URSI, 243-44 (Natl. Acad. Sci.
Publ. 1468, Washington, D.C.) .
Branson, N. J. B. A, 1967, MNRAS, 135,
149-74 . .
Casse, ]J. L. 1968 (Private communication)
Christiansen, W. N., Wellington, K. J 1966,
Nature, 209, 1173-76
Cooley, J. W., Tukey, J. W. 1965, Math.
Com;ﬂut., 19, 297-301
Costain, C. H,, Smith, F. G. 1960, MNRA.S,
' 121, 405-12
Crowther, J. H., Clarke, R. W. 1964,
MNRAS, 132 405-12
Elsmore, B., Kenderdine, S, Ryle, M. 1966,
MNRAS, 134, 87-95
Gower, J. F. R., Scott, P. ., Wills, D
1967, Mem RAS, 71, 49—144
Kenderdme, S. 1963, MNRAS, 126, 41-54
“ Leech, J. 1956, J. Lmdm Math. Soc., 31,
: 160~69 ik
Macdonald, G. H., Kenderdine, §., Neviile,
ki i AL C, 1968, MNRAS, 138, 259-311
dy,:L. L., Pawsey, J. L., Payne-
Scott, Rz '947 Froc., Roy Soc. 4,
' 190, 357 S
Mathur N. C. 1969 Radzo Sei., 4, No. 3
Mills, B> ' AJtcheson, R.E. thtie, A G,
McAdam W. B. 1963 Proc. Im‘t
Radio Engrs Aust., 24, 156-65

SWENSON _
LITERATURE CITED

Moffet, A, T, 1968, Trans. Inst. Elect, Elec-
trom. Engrs., AP-16, 172-75 .

National Radio Astronomy Observatory.
1967, A Proposel for & Very Large
Army Radio  Telsceope—I: The
VLA Concept (Clearinghouse for
Fed. Sci. and Tech. Inf,, Spring-
field, Va., Stock No. PB 173 212)

Pllkmgton J D ., Scott, P. F. 1965,

Mem, RAS, 69 183 .

Pooley, G. G., Kenderdine, S. 1968,
MNRAS, 139, 529-50

Read, R. B. 1963, Ap. J., 138, 1-29

Ryle, M. 1952, Proc. Roy. Soc. 4, 211, 351~
59

Ryle, M., 1962, Nature, 194, 517

Ryle, M., Elsmore, B. Nevﬂle A.C. 1965a,

Natme 205, 1259

Ryle, M. Elsmore, B., Neville, A, C. 1965h,
Namrz, 207, 1024

Ryle, M., Hewish, A, 1960, MNRAS, 120,
220-30

Ryle, M., Neville, A. C. 1962, MNRAS,
125 39-55

Scott, P. F., Ryle, M., Hewish, A. 1961,

MNRAS 122, 95—111

Stanier, H. M. 1950, Nature, 165, 354-55

Swenson, G. W., Jr.,, Mathur, N C. 1967,
Proc. Inst Radio Elea:ron Engrs.
Aust., 28, 370-74

Swenson, G. W Jr., Mathur, N. C. 1968,

" Proc. Insi. Elect, Electron. Engrs.,

66, No. 12

ThompSUn. M. C., Jr., Wood, 1. E., Smith,

D., Grant, W. B. 1968, Traus.

IEEE, AP-16, No. ¢ ,
Wild, J. P. 1967, Proc. Inst. Redio Eleciron.
Engrs. Aust., 28, 279-91

i e i




